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excess fluoride ingestion in the tropics

C.V. Harinarayan a,⁎,1, N. Kochupillai b,d,⁎,2, S.V. Madhu 3, N. Gupta b,4, P.J. Meunier c,⁎,5

a Department of Endocrinology and Metabolism, Sri Venkateswara Institute of Medical Sciences, Tirupati-517 507, Andhra Pradesh, India
b Department of Endocrinology and Metabolism, C-I/19, AIIMS Campus, New Delhi-110 029, India

c Faculty of Medicine, RTH Laennec, INSERM Unit 403, Rue G Paradin, 69372, Lyon, Cedex 03, France
d National Academy of Medical Sciences, C-I/19, AIIMS Campus, New Delhi-110 029, India

Received 2 February 2006; revised 6 April 2006; accepted 16 April 2006
Available online 15 June 2006
Abstract

Background: There is scant data available on the pathogenetic mechanisms of varied clinical presentation of bone disease in patients with excess
fluoride ingestion in the Indian subcontinent. The present study is comprehensive and state of the art, incorporating all essential elements of bone
mineral metabolism in patients with excess fluoride ingestion.
Methods:We studied 24 patients (age 31 ± 16 years) with fluorotoxic metabolic bone disease (FMBD) for their clinical, radiological and biochemical
parameters like serum calcium, phosphorous, alkaline phosphatase (SAP), 25-hydroxyvitamin D, 1,25 dihydroxyvitamin D, and parathyroid hormone
levels, nephrologic parameters that assess renal handling of calcium and phosphorous and skeletal dynamics as revealed by bone histomorphometry.
Findings:Major clinical manifestations were bone pain (79%), Tetany (12.5%) and dental mottling (38%). Radiological findings included osteosclerosis
(96%), pseudofracture and ligamentous calcification (50%). These patients manifested hypocalcemia and raised SAP with normal serum phosphorus.
There was a positive correlation between serum creatinine and phosphorous excretion index (PEI) and a negative correlation between declining
endogenous creatinine clearance (Cr.Cl) and increasing renal loss of calcium and phosphorus as indicated by increased calcium to creatinine ratio and PEI.
Bone histomorphometry revealed impairment of primary mineralization with hypomineralized lacunae, interstitial mineralization defects and very thick
and extended osteoid seams. Autopsy findings in a patient who died of azotemia showed tubular atrophy with secondary glomerular changes.
Interpretation: Fluoride intoxication plays an important role in the pathogenesis of the unique osteo-renal syndrome.
© 2006 Elsevier Inc. All rights reserved.
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Table 1
Symptomatology and radiological findings at admission in 24 patients with
FMBD

Percentage

Symptomatology
Bone pains 79
Height loss 63
Bone deformities 42
Bone tenderness 42
Proximal muscle weakness 58
Tetany 12.5
Dental fluorosis 37.5

Radiological features
Osteosclerosis 96
Osteopenia and coarse trabecular pattern 21
Pseudofracture 33
Ligamentous calcification 50
Dental mottling 38
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Introduction

Bone disease is a common disorder associated with excess
fluoride ingestion in India. Two types of fluorotoxic bone dis-
ease are reported [1]. These include an endemic variety affecting
the elderly, characterized by new bone formation, musculoskel-
etal dysfunction, arthritis with fixed flexion deformities,
peripheral neuropathy, ankylosis of the spine with radiculopathy
Table 2
FMBD—biochemical and hormonal profile of individual patients (n = 24)

No Name Age/sex S.Ca
mmol/l

S.Phos
mmol/l

SAP
IU

S.
μm

1 SU 14/M 2.5 1.29 320.21 13
2 M 12/M 2.5 1.52 301.04 6
3 BR 45/F 2.32 1.36 66.03 8
4 Y 29/M 2.24 0.7 41.39 7
5 S 29/F 2.32 0.91 75.76 4
6 KL 45/F 2.29 0.61 66.24 6
7 N 18/M 2.25 1.52 544.36 19
8 SS 35/F 1.99 0.78 492.3 12
9 RB 32/M 2.24 1.04 615.36 26
10 M 16/F 2.48 1.24 907.38 4
11 PL 20/M 1.97 1.14 628.35 4
12 PO 16/F 1.8 2.02 237.85 5
13 KE 75/M 2.39 1.07 284.92 5
14 SK 25/M 2.00 1.2 281.59 7
15 BA 41/M 2.27 1.24 199.51 7
16 K 28/F 2.06 0.74 82.5 3
17 A 16/F 2.03 0.78 86.12 3
18 RB 40/M 2.15 0.96 110.97 10
19 N 16/F 2.37 1.53 158.4 6
20 SL 16/F 2.02 0.76 81.29 4
21 AD 45/F 1.97 1.29 253.47 17
22 SB 47/F 2.11 1.31 88.75 7
23 PS 58/M 1.93 0.98 195.25 7
24 L 22/F 2.14 1.49 237.9 5

30.8 ± 16.0 2.18 ± 0.20 1.16 ± 0.34 264.5 ± 222.5 8

Normal range: S.Ca: 2.25-2.74 mmol/l; S.Phos: 0.8-1.5 mmol/l; SAP: 21-92 IU, S.C
S.PTH (MM) 29-85 pmol/l; 25(OH)D: 14.2-40 µg/l, 1,25[OH]2D: 15-60 pg/ml; S
flouride content as %.
and osteosclerosis with ligament calcification on radiology [2–
5] and another variety affecting predominantly children causing
bone deformities such as genu valgum and bowing. Radiolog-
ically, their bones show a mixture of osteomalacia, osteosclero-
sis and osteopenia, affecting both the axial and the appendicular
skeleton [6]. Reports [7–10] confirm the existence of this type of
skeletal fluorosis which we call as fluorotoxic metabolic bone
disease (FMBD). Different authors have postulated different
pathogenic mechanisms for these two types of flurosis [11–13].
However, none of these has been based on the state of art
investigations. In the present study, we carried out such a
comprehensive set of investigation incorporating essential ele-
ments of bone mineral metabolism such as serum calcium,
phosphorous, alkaline phosphatase (SAP), 25-hydroxyvitamin
D (25[OH]D), 1,25-dihydroxyvitamin D (1,25[OH]2D) and
parathyroid hormone (PTH) levels, as well as nephrologic para-
meters that assess renal handling of calcium and phosphorous
along with skeletal dynamics at a microscopic level as revealed
by bone histomorphometry on patients with FMBD.

Patients and methods

Excess fluoride ingestion in India may cause bone disease. Twenty-four
patients from north India with FMBD admitted to the wards of Department of
Endocrine and metabolism ward, All India Institute of Medical Sciences, New
Delhi were studied. All of them underwent detailed clinical workup and radio-
logical evaluation including a skeletal survey of forearm, hands, skull, chest,
dorsolumbar spine, pelvis, and bones of the lower extremities. The dietary intake
Cr.
ol/l

U.Cr.
μmol/day

U.Ca
mmol/day

U.Pho
mmol/day

T.Vol
l/day

2.6 7540.42 8.51 15.01 1.6
1.88 4570.28 3.97 16.50 1.67
4.86 4667.52 7.91 25.93 1.60
6.91 5418.92 6.19 21.60 0.97
1.55 7363.72 4.49 7.04 1.694
8.07 6842.16 5.91 11.88 1.783
4.48 2740.4 8.48 7.65 2.667
1.11 1502.8 4.67 6.91 0.933
7.85 3138.2 3.74 10.72 1.2
4.2 4039.88 3.24 6.1 1.35
0.66 6161.48 6.29 11.37 2.4
8.34 7894.12 3.04 15.98 1.467
3.04 5542.68 6.96 19.7 1.935
3.37 7160.40 3.74 9.46 1.46
6.91 2006.68 9.48 35.52 3.2
5.36 5392.4 2.67 4.84 1.8
5.36 4862.0 2.4 10.17 2.0
6.1 6011.2 3.54 12.79 2.3
1.8 4508.4 3.62 11.37 1.5
4.2 5480.8 3.07 11.62 1.3
6.8 7690.8 3.94 24.12 1.4
0.72 9458.8 4.14 24.48 2.1
0.72 7248.8 1.72 18.41 1.8
3.04 6099.6 1.32 16.05 1.45
5.42 ± 57.00 5556 ± 1966 4.37 ± 2.25 14.8 ± 7.47 1.37 ± 0.87

r.: 53.04-141.44 µmol/l, Ca/Cr: ratio 0.3; PEI–phosphate excretion index–0.09,
.Flu: 0.02 ppm; U.Flu: 0.1 ppm; W.Flu 1.0 ppm; W.Flu 1.0 ppm. BFC–bone
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of calcium, phosphorous and phytates was documented by recalling the diet
consumed in the previous 5–7 days. From the raw weights, the calcium and
phosphorous intakes were calculated using the published food composition table
detailing the nutritive value of Indian foods [14]. On hospitalization, the patients
were provided routine hospital diet (calcium content ∼450 mg/day). From the
third day, venous blood samples were collected after overnight fasting for
estimation of serum calcium, phosphorus and SAP, creatinine and protein on
three consecutive days. Serum samples were also collected and frozen at −20°C
for 25(OH)D, 1,25[OH]2D and PTH mid-molecule (PTH-MM) measurements.
On the same day, 24-h urine collections were made in calcium-free containers
for estimation of urinary calcium, phosphorus, creatinine and fluoride [15–18],
and urinary calcium to creatinine (Ca/Cr) ratio, phosphorous excretion index
(PEI) and endogenous creatinine clearance (Cr.Cl) were calculated [19]. Glo-
merular filtration rate (GFR) was also estimated by isotopic method in a subset
of patients. The whole group of FMBD patients was stratified on the basis of
creatinine clearance (Cr.Cl) into five groups according to KDOQI stages of CKD
viz., Group-1 (Cr.Cl N90 ml/min), Group-2 (Cr.Cl 60–89 ml/min), Group-3 (Cr.
Cl 30–59 ml/min), Group-4 (Cr.Cl b29 ml/min) and Group-5 (Cr.Cl b15 or
dialysis). Group-1 was considered as normal.

Their drinking water, serum and urine fluoride were measured using ion-
selective electrodes. The 25(OH)D and PTH-MM were measured in duplicate
using the RIA kit supplied by M/s Incstar Corporation, Minnesota, USA (Cat
No. 68100, 751065 or 51130 respectively). 1,25[OH]2D assay [20] was
performed by Quest diagnostics-Nicholas Laboratory, St. Juan Capistrano (Care
Dr. M.R. Pandian). The clinical features of osteomalacia were categorized
adopting an osteomalacia discriminate index [21].

Fluoride content in bone biopsy specimens of a representative subset of nine
patients (after informed consent) and ten control subjects (autopsy of accident
victims) was estimated by one of us (CVH/PJM), using the method described by
McCann et al. [22]. The ashed bone samples were dissolved in perchloric acid.
The fluoride content measured using an ion-specific electrode was expressed as
a percentage of the bone ash weight dissolved.
Ca/Cr
ratio

PEI S.PTH-MM pmol/l 25(OH)D
μg/l

1,25[OH]2D
pg/ml

S.A
g/dl

1.13 0.205 54 48.3 176 4.2
0.87 0.147 50 7.24 28 4.3
1.69 0.347 51 6.2 70 4.6
1.14 0.438 47 7.35 – 4.1
0.6 0.044 21 8.0 97 4.2
0.86 0.194 27 31.0 49 3.9
3.09 0.357 43 6.0 32 4.6
3.11 0.714 29 1.5 36 3.7
1.19 0.880 42 4.6 27 3.8
0.81 0.054 28 35.0 114 3.7
1.02 0.066 39 1.3 53 4.6
0.39 0.058 42 1.1 64 4.2
1.26 0.176 66 11.0 68 4.5
0.52 0.081 20 1.0 44 4.6
4.77 1.098 52 14.0 65 4.6
0.49 0.09 35 4.3 – 4.0
0.5 0.04 100 33.0 – 4.8
0.51 0.43 39 21.5 76 4.6
0.4 0.16 50 4.4 78 4.3
0.24 0.18 180 4.1 29 5.1
0.56 0.12 64 28.0 29 4.4
0.64 0.24 39 36.0 64 4.8
0.59 0.24 43 19.0 35 4.4
0.22 0.09 55 8.0 95 3.9
1.1 ± 1.08 0.27 ± 0.27 50.68 ± 32.34 14.34 ± 13.68 63.29 ± 36.05 4.33
Bone histomorphometry

In the same subset of nine patients (after informed consent),
on double tetracycline labeled iliac crest biopsy specimens [23],
bone histomorphometry was performed by one of us (CVH/
PJM). The specimens were dehydrated in absolute alcohol and
embedded in methyl methacrylate [24,25]. Eight-micrometer-
sections were cut with a polycut-E Microtome and stained with
Solochrome Cyanin-R and Goldner Trichrome [25]. Unstained
specimens were examined under UV light. Quantitative
measurements were made in four of nine specimens, and the
rest were qualitatively reported. In six of ten normal controls,
only static parameters were measured. Histomorphometric
measurements were made using either automatic (Biochom
Visolab-500®, Biochome,France) or semi-automatic image
analyzer (Videoplan or IBAS I) [26,27]. Osteoid volume was
measured by point counting technique using integrating
eyepiece [24]. The abbreviations used are from the recommen-
dations of the ASBMR Histomorphometry Committee [28].
Bone histomorphometry of normal controls of France [29] was
compared with that of India.

Statistical methods

The values are expressed in mean ± standard deviation (SD).
Due to the non-Gaussian distribution of biochemical para-
meters, only non-parametric tests were used. Correlative ana-
lb Cr/Cl
ml/min

S.Flu
ppm

U.Flu
ppm

W.Flu
ppm

BFC
%

39.49 0.336 6.7 12.58 –
51.3 0.038 17.37 2.83 –
38.2 0.134 0.788 – –
48.93 0.23 0.410 – –
123.07 0.29 3.0 14.0 0.855
69.8 0.12 1.63 0.58 0.243
9.79 0.16 0.395 0.305 –
8.62 0.20 4.96 5.85 1.945
8.14 0.23 0.58 0.37 0.725
63.47 0.15 1.13 0.037 0.186
105.23 0.18 1.32 1.75 0.7
93.97 0.30 0.63 0.458 0.431
72.57 0.20 3.8 – 0.258
67.77 0.166 0.44 0.527 0.155
18.12 0.20 1.3 – –
82.0 0.02 0.3 0.23 –
82.0 0.05 0.28 0.30 –
26.1 0.1 1.35 4.42 –
81.0 0.03 0.43 0.20 –
118.0 0.19 4.0 7.43 –
68.0 0.08 1.9 1.5 –
34.0 0.05 0.84 1.5 –
50.0 0.09 3.2 2.5 –
110.0 0.20 5.1 12.5 –

± 0.37 60.82 ± 34.34 0.16 ± 0.08 2.57 ± 3.36 3.5 ± 4.6 0.63 ± 0.56
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lysis of individual biochemical parameters of the whole group
was done by Spearman correlation coefficient. The four groups
with differing creatinine clearance were correlated by Kruskal–
Wallis test. The correlation between the controls and FMBD
patients from India and between the control group of France and
India was done using Mann–Whitney U test.

Results

Clinical

Their daily dietary calcium intake by recall method varied
between 300 and 800 mg/day. One or more bone deformities,
coupled with bone pains and proximal muscle weakness, were
present in the whole cohort of patients. One-third of them had
fluorotic dental mottling. Their clinical features are shown in
Table 1.

Radiological features

The radiological abnormalities are shown in Table 1. More
than one feature co-existed in the same patient. The most fre-
quent radiological abnormality was osteosclerosis and ligament
calcification (50% of patients). None of the patients had co-
existing nephrocalcinosis or renal calculus disease.
Fig. 1. Graphs showing correlation between creatinine clearance (Cr.Cl) (ml/min) and
PEI (upper panel right); PEI and calcium creatinine ratio (Ca/Cr) (lower panel left);
Bone fluoride content

Bone fluoride content (BFC) measured in FMBD patients
showed four-fold higher fluoride content compared to the
normal controls (fluorotic patients 0.63 ± 0.56%; normal
controls 0.15 ± 0.07%; P b 0.05). The markedly elevated
BFC in FMBD patients confirms chronic fluoride ingestion. It is
also interesting that the mean fluoride content of control
subjects from India also had significantly more fluoride when
compared to control subjects from France (0.05 ± 0.03%)
(P b 0.05) [29]. There is more fluoride ingestion, presumably
through drinking water, in India, even among normal people.

Biochemical studies

The results of biochemical and hormonal studies done are
given in Table 2. The mean serum calcium (2.18 ± 0.20 mmol/l)
was lower than normal laboratory range. The mean serum phos-
phorus (1.16 ± 0.34 mmol/l) was normal. The SAP (264.5 ±
222.5 IU/l) was raised. Thus, the FMBD patients had hypocal-
cemia and raised SAP with normal serum phosphorus.

The mean serum creatinine for the whole group of patients
was 85.42 ± 57 μmol/l. The Cr.Cl of 71% patients was
compromised (48 ± 26 ml/min) and in the remaining 29% Cr.
Cl was normal (110 ± 11.34 ml/min). The PEI in the group of
phosphate excretion index (PEI) (upper panel left); serum creatinine (μmol/l) and
Cr.Cl and Ca/Cr (lower panel right).
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patients with normal Cr.Cl was low (0.09 ± 0.05) compared to
patients who had compromised Cr.Cl (0.32 ± 0.29) (P b 0.05).
The whole group of FMBD patients, when stratified on the
basis of Cr.Cl, had no significant increase in serum
phosphorus with decreasing creatinine clearance, as it happens
normally. Even in the subset of FMBD patients of severely
impaired Cr.Cl (b29 ml/min) and azotemia, the serum
phosphorus remained normal (1.11 ± 0.28 mmol/l). The
PEI measured in the five groups (based on Cr.Cl) were:
(Group-1) 0.09 ± 0.05; (Group-2) 0.11 ± 0.06; (Group-3)
0.26 ± 0.13; (Group-4) 0.53 ± 0.39; (Group-5) 0.65 ± 0.27,
clearly showing increasing renal phosphorous loss with
declining Cr.Cl (Fig. 1a). Using an upper cut-off level of
0.09 as normal PEI, 29% of the fluorotic patients had normal
PEI while 71% had high PEI. Twenty-five percent of the
FMBD patients had low serum phosphorus, 58% had normal
Fig. 2. (a) (left panel) Histology of kidney showing features of chronic interstitial nep
and Eosin ×20). (b) (right panel) Undecalcified section of bone: showing increase i
visible. Qualitatively, there were hypomineralized lacunae and interstitial formation d
polarized light and (e) with Solochrome stain.
phosphorous and 17% raised phosphorous levels. Fifty-eight
percent had hypocalcemia. Thirty-six percent had both hypo-
calcemia and hypophosphatemia. The clinicopathological data
of one of the FMBD patients who died of azotemia in hospital
at necropsy showed chronic interstitial nephritis with tubular
damage and secondary glomerular involvement (Fig. 2a).
Biochemical features of this patient are shown in Table 2 (No.
8: SS.35F). Her BFC was 1.95%, and bone histomorphometry
showed wide and extended osteoid seams with interstitial
mineralization defects and hypomineralized lacunae, typical of
flurosis (Fig. 2b). Under fluorescent light, only single label
surfaces were visible. The parathyroid glands at autopsy were
found to be normal, and the PTH-MM levels determined were
normal (29 pmol/l). Her serum 25(OH)D was low (1.5 ng/ml),
and the 1,25[OH]2D was in the normal range (36 pg/l). She
died of azotemia and metabolic acidosis.
hritis with tubular damage and secondary glomerular involvement (Hematoxylin
n the osteoid volume, surface and thickness. Only singly labeled surfaces were
efects (Goldner Trichrome ×20). The same biopsy seen under (c) UV light, (d)



Table 3
Bone histomorphometry parameters—comparison flurosis vs. Indian normal
controls

Parameter Unit Controls a Flurosis a P

Number 6 4
BFC % 0.15 ± 0.071 0.63 ± 0.56 0.01
BV/TV % 33.74 ± 15.81 37.08 ± 20.44 NS
Md.V % 28.65 ± 11.8 23.58 ± 15.07 NS
Tb.Th mcm 169.1 ± 53.92 301.4 ± 108.4 NS
Tb.Sp mcm 367.8 ± 136.7 294.5 ± 169.4 –
Tb.N /mm 1.96 ± 0.57 2.15 ± 0.93 –
OV % 4.86 ± 1.32 51.05 ± 13.15 –
OS % 8.38 ± 3.65 90.27 ± 2.39 0.02
O.Wi μm 17.67 ± 6.82 42.49 ± 18.15 0.01
ES % 5.9 ± 1.54 5.37 ± 1.07 0.01
Oc.S/BS % 0.195 ± 0.17 0.96 ± 1.1
N.Oc /Bon.sur 0.005 ± 0.004 0.023 ± 0.02
sLS % – 18.59 ± 4.035
dLS % – 0 ± 0
BFR 1/2 mcm/day – 0.008 ± 0.002
Aj.AR mcm/day – 0.009 ± 0.002
mlt /day – 5225 ± 3317

BFC—bone fluoride content; BV/TV—bone volume/trabecular volume;Md.V—
mineralized bone volume; Tb.Th—trabecular thickness; Tb.Sp—trabecular
separation; Tb.N—trabecular number; OV—osteoid volume; OS—osteoid
surface; O.Wi—osteoid width; ES—erosion surface; Oc.S/BS—active erosion
surface; N.Oc—number of osteoclast; sLS—single labeled surface; dLS—double
labeled surface; BFR 1/2—bone formation rate; Aj.AR—adjusted apposition rate;
mlt—mineralization lag time.
a Mean ± SD.
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As a group, the FMBD patients showed a strong posi-
tive correlation between serum creatinine and PEI (r = 0.76;
P ≤ 0.0003) (Fig. 1b), and also between urinary Ca/Cr ratio
and PEI (r = 0.60; P ≤ 0.0004) (Fig. 1c). Correspondingly, a
negative correlation was demonstrable between Cr.Cl and
urinary Ca/Cr ratio (r = −0.69; P b 0.005) (Fig. 1d) on the one
hand and between Cr.Cl and PEI on the other (r = −0.82;
P b 0.0001) (Fig. 1a). There was strong negative correlation
between Cr.Cl and serum creatinine (r = −0.83; P b 0.0001) in
the FMBD group. The 25(OH)D levels measured in the normal
control group (n = 43) were 8.07 ± 3.29 ng/ml and
14.34 ± 13.68 ng/ml in the FMBD group indicating vitamin
D deficiency in both groups. Sixteen out of 24 FMBD patients
had a serum 25(OH)D below the lowest limit of normal values,
indicating a vitamin D insufficiency. The 1,25[OH]2D
measured (normal range 15–60 pg/ml) in the normal controls
(n = 20) and the FMBD patients were 39 ± 12.11 pg/ml and
63.3 ± 36 pg/ml respectively, showing significantly higher
values in the FMBD (P b 0.0001). Mean serum PTH-MM
measured (normal range 29–85 pmol/l) in normal controls was
48.8 ± 9.5 pmol/l and 50.68 ± 32.34 pmol/l in FMBD (P = NS).

The FMBD patients showed Cr.Cl values that spanned from
normal (N90 ml/mt) to very low (b29 ml). In them,
progressively declining Cr.Cl was correlated with progressively
increasing renal loss of calcium and phosphorus, indicated by
increased Ca/Cr ratio and PEI, so that FMBD subjects with
even advanced azotemia showed normal serum phosphorus
with high PEI.
Bone histomorphometry

The bone histomorphometry parameters from the four
quantifiable biopsies are shown in Table 3. In all these patients,
there was a significant increase in the osteoid volume, surface
and thickness (Fig. 2b). Only singly labeled surfaces were
visible (Fig. 2c). Qualitatively, there were hypomineralized
lacunae and interstitial formation defects (Fig. 2b). Under
polarized light, there was only lamellar bone in all these biopsy
specimens (Fig. 2d). When the FMBD patients were compared
with the control population from India, there was a significant
increase in osteoid volume, surface and thickness in FMBD. In
the five non-measurable biopsies, qualitative analysis showed
very thick and extended osteoid seams.

Discussion

The FMBD as a group had significantly low mean serum
calcium with raised SAP. Their mean serum phosphorus was
normal, even though majority of them had compromised Cr.Cl.
This paradox is explained by the striking observation of
increasing PEI with declining Cr.Cl (Fig. 1a), indicating primary
tubular damage/dysfunctionwith secondary glomerular loss, due
to nephronal drop-out. They had high urinary Ca/Cr ratio in the
presence of hypocalcemia, presumably due to tubular-damage-
related calcium loss. The FMBD patients showed increasing PEI
with declining Cr.Cl, so that even with Cr.Cl b 29 ml/min, they
showed very high PEI and normal serum phosphorus.

Thus, a worsening renal phosphorus loss with declining
creatinine clearance seemed to be a characteristic of the FMBD
patients. The negative correlation between urinary Ca/Cr ratio
and Cr.Cl in these patients unequivocally demonstrates primary
tubular-damage-related renal loss of calcium. Concurrent renal
calcium and phosphorus loss due to tubular damage seemed to
be the hallmark of FMBD. The severe osteomalacia demon-
strated clinically, radiologically and by histomorphometry may
be due to mineralization defects predominantly caused by ne-
phrogenic hypocalcemia and hypophosphatemic defects due to
tubular damage caused by fluoride. Adopting an osteomalacia
discriminate index [21] without exception, all patients had os-
teomalacia. Absence of azotemia in most of them ruled out
azotemic renal osteodystrophy.

Another interesting feature of the FMBD patient studied is
the absence of secondary hyperparathyroidism (SHPT) in the
presence of chemically and histomorphometrically advanced
osteomalacia. Classical vitamin D deficient osteomalacia results
in SHPT in advanced stages. The serum 25(OH)D concentra-
tions were in vitamin D deficient range in 71% of the patients.
However, the 1,25[OH]2D serum concentrations as well as
PTH-MM measured in FMBD showed values well within nor-
mal limits. There are reports of vitamin D deficient states with
normal PTH-MM [30–32].

Typically mild to moderate azotemia is associated with an
increase in serum phosphorus levels, which in turn is respon-
sible for decreasing levels of 1,25[OH]2D. However, since the
phosphorus levels were normal, this may be the explanation for
why the 1,25[OH]2D levels were normal. Characteristically



913C.V. Harinarayan et al. / Bone 39 (2006) 907–914
1,25[OH]2D levels decrease when renal function is less than
30% of normal.

High fluoride content in their drinking water points it as a
source of excess fluoride. Markedly elevated levels of fluoride
in the bone, serum and urine provide chemical evidence for long
standing excess fluoride ingestion.

High BFC in a representative subset of these patients further
confirms skeletal fluoride toxicity. Besides this, the presence of
dental fluorosis confirms longstanding excessive fluoride intake.
There are mineralization defects typical of flurosis as evidenced
by interstitial mineralization defects and hypomineralized
lacunae. Thus, several evidences gathered clearly prove chronic
ingestion of toxic level of fluoride. These observations establish
a link between excess fluoride ingestion and the unique
metabolic bone disease they have.

Evidence of chronic fluoride intoxication, associated with
renal tubular dysfunction in the group of FMBD patients, brings
to focus the possibility that fluoride toxicity may be responsible
for both bone and kidney disease in FMBD. The nature of the
renal tubular defect demonstrated in this study would explain
the extreme osteomalacia shown in these patients by bone
histomorphometry. Apparent causes for the tubular dysfunc-
tions seen in the FMBD patients with chronic fluoride toxicity
may be the following:

1. Abnormal renal loss of calcium and phosphorus existing
across a spectrum of impairment of Cr.Cl with normopho-
sphatemia and increased PEI even in patients with advanced
renal failure (Cr.Cl b25 ml/min). This suggests primary
tubular damage as documented in several reports of fluoro-
toxicity-related renal damage.

2. Absence of secondary hyperparathyroidism, a characteristic
of azotemic osteodystrophy.

3. Presence of normal values of 1,25[OH]2D is inconsistent
with classical azotemic osteodystrophy.

4. Absence of secondary hyperparathyroidism by bone his-
tomorphometry. The osteoclasts number and active erosion
surface are not increased (Table 3).

5. Presence of radiological features of osteosclerosis, osteoma-
lacia and ligamentous calcification even in those patients
without azotemia or acidosis.

6. Evidence that chronic fluoride intoxication had preceded
emergence of renal dysfunction as indicated by the clinical
spectrum established vis a vis the Cr.Cl.

7. The pattern of normal PTH-MM and 1,25[OH]2D
consistently observed across the spectrum of deranged
Cr.Cl seen in FMBD is totally at variance with the picture
of high PTH-MM and low 1,25[OH]2D seen in classic
azotemic osteodystrophy.

All documented facts in these patients point to a primary
tubular dysfunction leading to secondary nephronal loss and
chronic renal failure eventually supervening. The renal histology
at autopsy of one patient SS.35F (Table 2) shows classical
features of extensive renal tubular atrophy and nephronal loss
with secondary glomerular changes (Fig. 2a). The histological
evidence supports the possibility of a chronic tubular disorder in
this patient, and she seems to represent the whole cohort of
patients in terms of bone mineral metabolic parameters studied.
Besides this, like the other members of FMBD, she had
indisputable evidence of chronic ingestion of toxic levels of
fluoride in her bone biopsy specimen. Interestingly, not only was
her PTH-MM within normal limits but even her parathyroid
glands, at autopsy, showed no evidence of hyperplasia even as
she died of azotemia and acidosis.

The above evidences gathered from the group of FMBD
patients in the present study warrant consideration of a role of
fluoride intoxication in the pathogenesis of the unique osteo-renal
syndrome that characterizes the clinical disorder.

Evidence is available in the literature to support our
observation of fluoride-induced renal damage. Thus, acute
fluoride toxicity following the use of fluorine containing
anesthetics has been reported to cause acute renal tubular
necrosis and acute renal failure. Besides this, Jolly et al. have
reported renal involvement in older patients with chronic
endemic fluorosis in North India [33]. In addition, Reggabi et
al. [34] have reported tubular dysfunction in patients exposed
to chronic fluoride intoxication in Iran.

There are possible mechanisms for renal tubular damage in
situations of excess fluoride ingestion in hot dry climates of
tropics. It has been shown [35] that, while alkaline urine can
promote effective and safe excretion of fluorides ingested, in
situations of excessive ingestion of acid-rich food and
beverages, where the renal tubules have to handle excessive
loads of hydrogen ions, high fluoride ingestion can result in
generation of high concentration of hydrofluoric acid in the
renal tubules. The flux of high concentration of H+ and F−

ions across the tubular cells in the hot and dehydrating
conditions of the tropics with high fluoride ingestion
chronically may result in chronic renal damage of the type
documented in the present study. Such mechanism may be
particularly relevant in the Indian subcontinent where urinary
crystalloids and ionic concentrations can reach several fold
higher than what is common in temperate climates and
fluoride ingestion through drinking water can reach a high
level. Such mechanisms of predominant renal tubular damage
seem plausible in hot dry tropical summer of north India from
where most of the present cohort of FMBD patients hail
from.
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